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Reaction of ($-CsHs)M(C0)2NO with NOPF6 at -78’ affords the reactive green [($-CsHs)M(N0)2CO]PFs complexes 
in -90% yields (M = Mo, W).  These complexes undergo facile carbonyl substitution reactions with neutral (L) or anionic 
(X-) Lewis bases to yield [($-CsHs)M(K0)2L]PFs and (q5-CsHs)M(N0)2X, respectively (L = PPh3, AsPh3, SbPh.i, 
P(OMe)3, P(OPh)3; X = C1, Br, I). The [($-CsHs)Mo(N0)2L]PFs complexes were also prepared by direct reaction of 
(+CsHs)Mo(CO)zNO with NOPF6 and L. The carbonyl group in the [(@2sHs)M(NO)zCO]+ cations is rapidly replaced 
by the coordinating solvents acetonitrile and acetone, in contrast to the behavior of the corresponding chromium cation 
and the related [($-CsHs)M’(CO)zNO]+ cations (M’ = Mn,  Re). 

Introduction 
Numerous (cyc1opentadienyl)dinitrosylchromium derivatives 

have been prepared since the initial synthesis1 of the halides 
( T ~ - C ~ H ~ ) C ~ ( N O ) ~ X  (X = CI, Br, I) almost 20 years ago. 
Such derivatives include the cation [(+-CsHs)Cr(NO)zC0]+,2 
the dimer [($-CsHs)Cr(N0)2]2,3 and compounds of the type 
(175-CsH s) Cr (NO) 2Y, which involve metathetical replacement 
of X by other one-electron ligands (Y = NCO,” CN,5 NCSe,5 
SCF3,6 alkyl,l>’ aryl’). In marked contrast the related 
chemistry of molybdenum and tungsten has remained largely 
unexplored.* This is particularly surprising in the case of 
molybdenum, for which there exists an extensive chemistry 
of monomeric and dimeric cyclopentadienyl rnononitrosyls.8 
In the course of work intended to expand this area we have 
now prepared molybdenum and tungsteq derivatives of the 
types (+CsH5)M(N0)2X (X = C1, Br, I) ,  [($-CsH5)M- 
(NO)zCO]PF6, and [($-CsHs)M(NO)2L]PF6 (L = group 
5A Lewis base), where M = Mo, W. Except for (75- 
CsHs)Mo(NO)2Cl,9%lo no other (cyc1opentadienyl)dinitro- 
sylmolybdenum or -tungsten compounds were known prior to 
this work. Certain aspects of this work have been reported 
in a preliminary form.’’ 
Experimental Section 

General Procedures. All reactions were carried out under an 
atmosphere of nitrogen using Schlenk-type apparatus. Microanalyses 
were performed by Galbraith Laboratories, Knoxville, Tenn. Melting 
points were taken in capillaries sealed under nitrogen using a 
Thomas-Hoover melting point apparatus and are uncorrected. These 
data are  summarized in Table 1. 

Materials. A11 solvents (reagent grade) were dried by appropriate 
methods and were saturated with nitrogen prior to use. Tungsten 
hexacarbonyl (Pressure Chemical Co.) and nitrosyl hexafluoro- 
phosphate (Ozark-Mahoning Co.) were purchased from the indicated 
commercial sources. Molybdenum hexacarbonyl was a generous gift 
from the Climax Molybdenum Co. Other chemicals were of reagent 
grade. ( ~ S - C ~ H S ) M O ( C O ) ~ N O  was prepared by the method of Piper 
and Wilkinson.’ 

Spectra. Infrared spectra (Table 11) were obtained on a 
Perkin-Elmcr I80 spcctrometer calibrated with carbon monoxide, 
poly9tyrene. :!nd indcnc Solution spectra were run in NaCl or KBr 

cells using dichloromethane as  solvent. Mull spectra were recorded 
in Nujol between flat Irtran-2 plates. Mulls of the [(qs-CsHs)M- 
(N0)2CO]PF6 complexes were carefully prepared i n  a dry 
nitrogen-filled glove bag. 

Proton N M R  spectra (Table 11) were recorded at  60 MHz on a 
JEOL C-60-H instrument using internal T M S  as reference and 
chloroform-di or acetone-& as solvents. Mass spectra were obtained 
on a Perkin-Elmer Hitachi RMU-5 mass spectrometer at 70 eV with 
a chamber temperature of 200’ and a sample temperature of 

Preparation of (+CsHs)W(C0)2NO. This compound was pre- 
pared by a modification of the preparation reported] for the mo- 
lybdenum derivative. A solution of ($-CsHs)W(C0)3H. prepared 
from 50.5 g (143 mmol) of W(CO)6 according to the published 
procedure,iz and 34.1 g ( I  59 mmol) of N-methyl-N-nitroso-p- 
toluenesulfonamide (“Diazald”) in ether (400 ml) was refluxed for 
24 hr. Filtration, followed by removal of solvent, gave an orange 
crystalline residue which was chromatographed on a Florisil column 
(6 X 25 cm) using 5: 1 hexane-dichloromethane. The broad orange 
band was collected and concentration of this solution on the rotary 
evaporator afforded 37.1 g of orange crystalline ($-CsHs)W(CO)zNO 
(77% yield based upon W(CO)s), identified by infrared and NMR 
spectroscopy. 13 

Preparation of [($-CsH5)M(NO)KO]PFs (M = Mo, W). Solid 
NOW6 (5.90 g, 34.7 mmol) was added in several portions with stirring 
to a cooled (-78’) solution of ($-C5Hs)W(C0)2NO (10.5 g, 31.4 
mmol) in dichloromethane (70 ml) and acetonitrile (40 ml). A green 
precipitate immediately formed, accompanied by rapid gas evolution. 
The solution was stirred for an additional 30 min at  -78’ and then 
400 ml of cold (-78’) ether was added to comulete ureciDitation. 

100-1 50’. 

1 1  

Filtration gave [(qS-CsHs)W(N0)2CO]PFs as a green powder (yield 
13.9 g, 92%). 

The molybdenum analog was prepared in comparable yield by a 
similar procedure involving ($-CsHs)Mo(CO)2NO. 

Preparation of [($-CsHs)M(NO)zL]PF6 (M = Mo, W; L = PPh3, 
AsPh3, SbPh3, P(OMe)3, P(OPh)3). (a)  Solid [(+CsHs)W- 
(N8)2CO]PF6 (1.35 g, 2.80 mmol) and PPh3 (0.77 g, 2.93 mmol) 
were heated for 1 hr in refluxing dichloromethane. The solution was 
then filtered, heptane was added, and the resulting mixture was slowly 
concentrated on the rotary evaporator without external heating. Green 
crystalline [(q’-CsHs)W(N0)2PPh3]PFs (1.49 g, 74%) was collected 
by filtration. 

The other [(t+-CsH5)M(NO)?L] PF6 complexes were prepared by 
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Table I. Analytical Data, Yields, and Melting Points 

Robert P. Stewart, Jr., and George T. Moore 

Elemental analyses, 5% 
C H N Other 

Complexa Mp,”C Yield,% Calcd Found Calcd Found Calcd b u n d  Calcd Found 

[ (r15 C , H  ~ M o  (NO),COlPF, 90 18.29 18.53 1.28 1.54 7.11 7.37 
[(ss C,H,)W(NO),COlPF, 92 14.95 15.09 1.05 1.18 5.81 5.84 
[ (11’ C,H,)Mo(NO),PPh, IPF, 180dec  74b 43.97 44.08 3.21 3.21 4.46 4.16 
[ (n5  C,H,)W(NO),PPh, IPF, 153dec 74‘ 38.57 38.24 2.81 2.50 3.91 3.56 
[ ( ~ 5 C s H 5 ) ~ ~ ( N O ) Z A ~ P h 3 ] P F 6  205 dec 81b 41.09 41.09 2.99 3.10 4.17 3.97 
[ ( R ’  C,H,)W(NO),AsPh,lPF, 183 dec 65c 36.34 36.28 2.65 2.65 3.68 3.54 
[(R~C~H,)MO(NO)~S~P~,]PF, 130 dec 74b 38.42 38.28 2.80 2.75 3.90 3.55 
[ (71’ C , H , )W(NO), SbPh, IPF, 148 dec 62‘ 34.23 34.37 2.50 2.48 3.47 3.36 
[(risC,H,)Mo(NO),P(OMe),]PF, 65 dec 71b 19.61 19.66 2.88 2.86 5.71 5.14 
[(rlSC,H,)W(NO),P(OMe),jPF6 78 dec 7SC 16.61 16.54 2.44 2.37 4.85 4.47 
[(rlSC5HS)Mo(NO)~P(OPh),]PF, 170 dec 80b 40.85 40.85 2.98 2.96 4.14 3.90 
[(rlSCSH5)W(NO)IP(OPh)3]PF, 100 dec 82= 36.15 35.72 2.64 2.50 3.67 3.56 
(v5 C,H,)Mo(NO),C1 l lOdecd  80 23.41 23.45 1.96 1.94 C1: 13.82 13.48 
(rl’C, H, )W(NO),CI 127 dec 57 17.44 17.44 1.46 1.48 8.13 7.57 C1: 10.29 9.90 
(77’ C, H, )Mo(NO), Br 112dec  56  19.95 19.74 1.67 1.53 9.31 9.05 Br: 26.55 25.81 
(ri5 C,H,)W(NO),Br 142dec 75 15.44 15.41 1.30 1.19 7.20 7.10 Br: 20.55 20.48 
(77’ C,H,)Mo(NO),I 149 dec 67 17.26 17.28 1.45 1.43 8.05 7.93 I: 36.47 36.52 
(11, C,H,)W(NO),I 158dec 56 13.78 13.90 1.16 1.76 6.43 6.29 I: 29.12 29.10 

a The (r15C,H5)M(NO),I complexes (M = Mo, W) are olive green; all other complexes are green. Method b. Method a. Literature 
mp 118°.9 

Table 11. Infrared and Proton NMR Data 

Proton N M R ~  
Complex 

[(rl’ C,H,)MO(NO),CO]PF,~ 1826, 1736f 
[(v5 C,H,)W(NO),COlPF6e 1814,1730f 
[(r15 C,H,)Mo(NO),PPh, IPF, 1792,1710 3.62 d 2.37 m 1.1 
[ (7?’ C, H, )W(NO),PPh, IPF, 1770,1696 3.46 d 2.35 m 1.1 
[(rlsC,H,)Mo(NO),AsPh, IPF, 1792,1712 3.51 s 2.40 m 
[ (77’ C,H,)W(NO),AsPh,lPF, 1771,1697 3.36 s 2.35 m 
[ ( q 5  C,H,)Mo(NO),SbPh,]PF, 1791, 1713 3.34 s 2.27 m 
[($ C,H,)W(NO),SbPh,]PF, 1770,1697 3.29 s 2.32 m 

[ ( q 5  C,H,)W(NO),P(OMe),IPF, fl 1777,1702 3.26 d 6.02 d 1.4 
[ (n5  C,H,)Mo(NO),P(OMe),lPF 1797,1716 3.41 d 6.02 d 1.2 

I (vs  C, H, )Mo (NO), P(OPh), IPF, 1807,1727 3.69 d 2.37 m 0.9 
[ ( v 5  C,  H, )W(NO),P(OPh), IPF, 1788,1712 3.59 d 2.45 m 1.1 

(77’ C,H,)Mo(NO),Cli 1760,1668 3.95 s i  
[(rl’ C5H,)Mo(NO),CH,CNlPF6 1794,1708 
[ ( q 5  C,H,)W(NO),CH,CNlPF, 1770,1690 

(77’ C,H,)W(NO),C1 1735,1651 3.88 S J  

(r15 C,H,)Mo(NO),Br 1763,1672 3.92 si 
(r15C,H,)W(NO),Br 1737, 1654 3.85 s! 
(71’ C,H,  )Mo(NO),I 1765,1676 3.90 s< 
(r15 C,H,)W(NO),I 1740,1657 3.82 SJ 

a CH,C1, solution unless otherwise noted. Acetoned, solution unless otherwise noted. Abbreviations: s, singlet; d ,  doublet; m,  mul- 
tiplet. H on ( v 5 C , H , )  ring. 
12.9 Hz. ’ Literature: V N O  1759, 1665 cm-I (CH,CI,); 7 3.84 (CDC1,).9 J Chloroformd, solution. 

vco 2129 cm-’ (Nujol). e vco 2116 cm-’, (Nujol). f Nujol mull. g ,JPOCH, = 12.7 Hz. ’JPOCHJ = 

the same method except that reactions involving [($-CsHs)Mo- 
(NO)zCO]PFs were readily carried out a t  ambient temperature. 

(b) Solid NOPF6 (I  .64 g, 9.38 mmol) was added in several portions 
to a stirred solution of (75-CsHs)Mo(CO)zNO (2.29 g, 9.27 mmol) 
and PPh3 (2.62 g, 10.0 mmol) in dichloromethane (50 ml). The 
reaction mixture was allowed to stir for 20 min and then excess ether 
was added to the resulting green solution. The green precipitate that 
formed was collected on filtration and was recrystallized from di- 
chloromethane-heptane to give 4.30 g of green crystalline [($- 
CsHs)Mo(N0)2PPh3]PFs (74% yield). 

The other L ligands reacted in a similar fashion with (75- 
CjHj)Mo(C0)2NO and NOPF6 to yield [(~j-CsHs)Mo(N0)2L]PFs, 
but the corresponding tungsten derivatives could not be prepared from 
(+-CsHs)W(CO)>NO under the same conditions. 

Preparation of [($-CsHs)M(N0)2CH3CN]PF6 (M = Mo, W). 
Solid [(7j-CsHs)W(N0)2CO]PFs (35 mg, 0.073 mmol) was added 
to acetonitrile ( 5  ml). Vigorous gas evolution was observed and a 
green solution was formed. Excess solvent was removed in vacuo and 
the resulting green oil was washed with ether. Repeated attempts 
to crystallize this material were unsuccessful, but the complex was 
characterized by its infrared spectrum in the N - 0  stretching region 
and by its reactions. 

The molybdenum analog was prepared by a similar procedure. Both 
complexes could also be prepared from the reaction of ($-CjHj)- 
M(C0)2NO with N O W 6  at  room temperature using acetonitrile as 
solvent. 

Preparation of ($-CjHs)M(NO)2X (M = Mo, W; X = CI, Br, I). 
Solid [(s5-CsHs)W(h’0)2CO]PFs (0.91 g, 1.90 mmol) was added 
at room temperature to a stirred slurry of NaBr (0.26 g, 2.50 mmol) 
in acetone (30 ml). The resulting green solution was stirred for 30 
min and was evaporated to dryness in vacuo. The solid residue was 
extracted with dichloromethane and was filtered. Addition of heptane 
to the filtrate followed by concentration of the solution in vacuo 
afforded green crystals of ($-CsHs)W(NO)zBr (0.55 g, 75% yield). 

The corresponding chloride and iodide were similarly prepared using 
the appropriate sodium halide. The molybdenum compounds 
($-CsHj)Mo(NO)zX were synthesized from [(q’-Cjflj)Mo- 
(N0)2CO]PF6 and KX by analogous procedures. 
Results 

Nitrosyl hexafluorophosphate, NOPFh, readily reacts with 
(T+-CSH~)M(CO)~NO (M = Mo, W) in dichloromethane- 
acetonitrile at -78’ to form the green ionic solids [($- 
CsHs)M(NO)zCO]PFs in -90% yield (eq I ) .  The insol- 



(Cyclopentadieny1)dinitrosylcarbonylmetal Cations Inorganic Chemistry, Vol. 14, No. 11, 1975 2701 

[ (q5 C,H,)M(NO),CO]PF, t CO (1) 
ubility of these compounds in all but those solvents with which 
they react prevented recrystallization but satisfactory elemental 
analyses were obtained. It is particularly mandatory that all 
operations involving [($-CsHs)Mo(N0)2CO]PF6 be carried 
out using Schlenk apparatus since the compound is extremely 
hygroscopic and is rapidly transformed into a viscous green 
mass in the presence of moist air. The tungsten analog is 
significantly less hygroscopic and can be handled in air for 
brief periods at room temperature without noticeable de- 
composition. 

A characteristic feature of the [ ( ~ ~ - C S H S ) M ( N O ) ~ C O ] P F ~  
complexes is the extreme lability of the carbonyl group. Thus 
although these complexes are insoluble in nonpolar solvents, 
ether, and dichloromethane, the coordinating solvents (S) 
acetonitrile and acetone rapidly displace carbon monoxide from 
[($-CsHs)M(N0)2CO]PF6 at  room temperature to form 
dark green reactive solutions containing the [(+-CsHs)M- 
(N0)2S]+ cations. The [($-CsHs)M(NO)zCH3CN]+ cations 
were also formed when ($-CsHs)M(C0)2NO was allowed 
to react with NOPF6 in acetonitrile solution at room tem- 
perature. Attempts to isolate solid PF6- salts of the [(os- 
CsH5)M(N0)2S] + cations were unsuccessful, but infrared and 
reactivity studies (described below) support the proposed 
formulation. These cations are analogous to the [(as- 
CsH5)Fe(C0)2S] + cations which have been prepared and fully 
characterized as PFs- salts.14 

The presence of a very labile carbonyl group in [($- 
CsHs)M(N0)2CO]PF6 makes these complexes convenient 
precursors for other (cyclopentadieny1)dinitrosylmolybdenum 
and -tungsten derivatives. Thus a slurry of [(+-CsHs)M- 
(N0)2CO]PF6 in dichloromethane reacted rapidly at room 
temperature (M = Mo) or under reflux (M = W) with various 
Lewis bases (L) to give good yields (60-80%) of the corre- 
sponding green [ ( ~ ~ ~ - C ~ H S ) M ( N O ) ~ L ] P F ~  complexes (L = 
PPh3, AsPh3, SbPh3, P(OMe)3, P(OPh)3) 

[(q5C,H5)M(NO),CO]PF, + L - 
The molybdenum complexes could be prepared more con- 
veniently by direct reaction of ($-CsHs)Mo(CO)2NO, 
NOPF6, and L according to eq 3. Good yields (70-80%) were 

CH,Cl, 

[(q'C,H~)M(NO),L]PF, t CO (2) 

CH,C1, 
( q s C 5 H 5 ) M ~ ( C O ) n N 0  t NOPF, + L - 

25' 
[(qsC5H,)Mo(NO),L]PF, + 2CO (3) 

obtained by this method, but attempts to prepare I($- 
CsH5) W(N0)2L]PF6 complexes directly from (715-CsHs)- 
W(C0)zNO under the same conditions were not successful. 
Similar substitution reactions involving [(+-CsHs)Cr- 
(N0)2CO]PF6 have not been reported, although the I($- 
CsHs)Cr(NO)zPPhs]+ cation has been briefly mentioned in 
the literature.15 This is perhaps surprising in view of the 
considerable attention16 devoted to carbonyl substitution in 
the isoelectronic complex [ ( $ - C ~ H S ) M ~ ( C O ) ~ N O ] P F ~ .  

The neutral halide complexes ($-CsHs)M(NO)zX (X 
C1, Br, I) were prepared by the facile reaction of [(os- 
CsHs)M(NO)zCO]PFs with sodium or potassium halides in 
acetone solution at 25O (eq 4). Recrystallization from di- 

acetone 
[(~5C5Hs)M(NO),CO]PF6 + M'X ,y 

(q5-C,H,)M(NO),X + M'PF, + CO (4) 

chloromethane-hexane afforded these compounds as green (X 
= C1, Br) or olive green (X = I) crystalline solids in good yields 
(55-80%). Similar reaction conditions have been used to 

M' = Na, K 

prepare the related (Cyclopentadieny1)dicarbonyl halides of 
iron17 and ruthenium,l* e.g., (+CsHs)M'(C0)2X (M' = Fe, 
Ru), from the appropriate [($-CsHs)M'(CO)3]+ cation. 

Formation of the halides, via eq 5, was also observed while 
CH,Cl, 

[(q5C5H,)M(NO),L']PF, + M'X- 

L' = L, CH,CN; M'X = NaCI, KBr 
(qsC5H5)M(NO),X t M'PF, t L' (5 ) 

recording solution infrared spectra of [ ($-CsHs)M- 
(N0)2L]PF6 and [($-CSHS)M(NO)~CH~CN]PF~ complexes 
in NaCl and KBr cells. Reaction with KBr was much more 
rapid than reaction with NaC1. Reaction 5 is also accelerated 
by the more polar solvent acetonitrile as illustrated by the 
infrared spectra of the [ ( ~ W S H S ) M ( N O ) ~ C H ~ C N ] P F ~  
complexes in this solvent. Spectra recorded immediately after 
introducing the acetonitrile solution into the infrared cell 
exhibit bands due only to (+-CsHs)M(NO)zX. The com- 
pound ($-CsHs)Mo(N0)2Cl has been previously prepared9,lo 
by two routes, but the method used here appears to be more 
favorable in terms of both yield and convenience. The 
reported9310 instability of the chloride is also characteristic of 
the bromide and iodide. All three molybdenum halides 
gradually darken with apparent loss of nitric oxide even when 
stored in the freezer. The tungsten halides behave similarly. 
This behavior may be contrasted with the high thermal and 
oxidative stability of the related tris( 1 -pyrazolylborate) 
complexes RB(pz)3M(N0)2Cl (M = Mo, W).l9 

Spectroscopic Properties. The spectroscopic properties 
(Table 11) of the various complexes prepared in this work are 
fully consistent with the proposed structural formulations. 

a. Infrared Spectra. The infrared spectra (Nujol mull) of 
the [($-CsHs)M(N0)2CO]PF6 complexes show one carbonyl 
stretching band and two nitrosyl stretching bands. The in- 
frared spectra of the [ ( ~ S - C ~ H S ) M ( N O ) ~ L ] P F ~  complexes 
exhibit two strong bands in the N - O  stretching region. In both 
the molybdenum and tungsten series these frequencies appear 
to correlate with the generally acknowledged u-donor and 
?r-acceptor properties20 of the L groups. In view of the relative 
electronic properties of CH3CN,z0 the VNO band positions in 
the [($-CsHs)M(N0)2CH3CN]PFs complexes are in accord 
with the proposed formulation. All [(+-CsH5)M- 
(N0)2CO]PF6 and [($-CsHs)M(NO)zL]PFs complexes also 
show a strong band in the 825-855-cm-1 region, characteristic 
of the PF6- anion.2' 

The neutral ($-CsHs)M(NO)zX halides show two strong 
vivo bands in their infrared spectra. Not surprisingly these 
bands are 30-50 cm-1 lower in energy than those in the cat- 
ionic [(qWsHs)M(N0)2L]+ species of the same metal. The 
slight increase in VNO with change in halogen, e.g., X = I > 
Br > C1, has also been observed for the corresponding 
chromium halides' and for the ($-C5Hs)Re(CO)(NO)X 
halides,22 which are isoelectronic with (+CsHs)W(N0)2X. 

b. NMR Spectra. The proton NMR spectra of all com- 
plexes appear to be quite normal and in all cases correct 
integration is observed. 

c. Mass Spectra. The mass spectra of all of the (775- 
CsHs)M(N0)2X halides exhibited a weak (M = Mo) or 
strong (M = W) molecular ion. Peaks corresponding to 
CsHsM(NO)X+, CsHsMX+, C3H3MX+, and C3M+ were 
observed in moderate to high abundance for both series of 
compounds. The base peak for the molybdenum halides is due 
to CsHsMoX+ in each case, while the base peak for the 
tungsten chloride and bromide corresponds to the appropriate 
C3H3WX+ ion. For (~$-CsHs)W(N0)21 this ion (X = I) is 
slightly less intense than the parent ion, which forms the base 
peak of the mass spectrum. In the molybdenum series peaks 
corresponding to CsHsMo(NO)X2+ and C5HsMoX2+ were 
unambiguously assigned. The existence of these two ions 
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Table 111. Infrared Data for Cyclopeniadienylmetal  N i t r ~ 4 y l  
Carbonyl Complexes 

Complex V C O ,  cm-' U N O ,  ern-' Ref 

[(qS €,H,)CI(NO),CO]PF,~ 2137 1873, 1779 2 
[(qS€,H,)Mn(CO),NO]PF, 2114,2075 1852 26 
[(q' C,H,)Re(CO),NO]PF, 2105,2049 18 15 26 
(7' C, H, )Cr (CO), KOc 2025,1956 1716 30 
(q5 C , H , ) M o ( C O ) , ~ O C  2020,1947 1689 30 
(71' C,H,)W(CO),NOC 2011,1934 1683 30 

a Nujol mull .  Acetone solution. Hexane solution. 

suggests the partial formation of the [(v'-CjHs)Mo(NO)X2]2 
dimers23 in the mass spectrometer. The presence of 
CsHjMo(N0)2X+ ions in our spectra contrasts with the 
absence of these ions in the published23,*4 mass spectra of the 
halide dimers, indicating that decomposition of (75-CsH5)- 
M o ( h 0 ) z X  is not complete. 
Discussion 

A comparison of the infrared spectral data in the [(175- 
C5Hj)%I(NO)2CO]PF6 series (M = Cr, Mo, W) indicates an 
appreciable decrease in uvo on going from chromium to 
molybdenum or tungsten (Tables 11, 111). A similar, though 
much less pronounced, trend is also observed for uco in the 
series. These changes in VNO and K O  undoubtedly reflect 
changes in M-NO and M-CO back-bonding, since the de- 
stabilization of the metal nd levels with increasing n should 
result in an increase in the interaction of the metal dn  orbitals 
with the n-* orbitals of NO+ and CO. In view of the fact that 
the T* levels of I i O f  are lower in energy than those of CO, 
the M-NO interaction should be more sensitive to the change 
of metal than the ICI-CO interaction. However, a comparison 
of the Lelative change in vlvo and uco on going from chromium 
to molybdenum (Auk0 = 45 cm-1, Avco = 8cm-I) with the 
analogous parameters on going from molybdenum to tungsten 
(AVXI = 9 cm-1, Avco = 13cm-1) illustrates that the overall 
n-acceptor ability of the dinitrosylcarbonyl unit, while large 
and variable. is not unrestricted. Similar conclusions can be 
drawn from V N O  and uco infrared data in related series, e.g., 
[ (~S-CSH~)M' (CO)~?JO]PF~  JM'  = Mn? Re) and (75- 
CsHs)M(CQ)2KO (M = Cr? Mo: W). as shown in Table 111. 

The extreme lability of the carbonyl group in the [($- 
CsHs)M(NO)zCO]PFs complexes (M = Mo, W), even 
toward coordinating solvents like acetone and acetonitrile, is 
in marked contrast to the behavior of the related [($- 
CsHs)M'(CO)zNO]PFs complexes (MI = Mn, Re), both of 
which can be recovered unchanged from these so1vents.22325,*6 
It is interesting to note that the relative reactivities of the 
isoelectronic species [ (vj-CsHs) W(N0)2CO]+ and I($- 
CsHj)Re(C0)2NO]+ are consistent with uco and UNO infrared 
data for the two cations, although this is perhaps fortuitous. 
Thus uco for the tungsten cation (21 16 cm-1) is significantly 
higher than uco(av) for the rhenium cation (2071 cm-I), 
suggesting a lower metalkarbon bond order in the former case. 
At the same time vi\ro(av) for the tungsten cation (1772 cm-I) 
is considerably lower than VNO for the rhenium cation (1815 
cm 1 ) .  Whether these quite pronounced ground-state elec- 
tronic effects can be correlated with qualitative and/or 
quantitative rates of CO substitution in the two cations is of 
course questionable since clearly there need not be any such 
relationship.27 Nevertheless, the enhanced labilizing effect 
of NO+ vs. CO has been demonstrated in carbonyl substitution 
reactions involving related ~ystems.28.~9 

In this context it is also noteworthy that there is some 
qualitative evidence which indicates that the reactivity of the 
[(17j-C5H5)Cr(NO)2C0lf cation is signficantly lower than 
that of the analogous molybdenum and tungsten cations. For 
example. [(qs-CsHs)Cr(NO)2COIPFs is reported to be re- 
crystallized from acetone solution.2 This conclusion is also 
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supported by our infrared spe,ctral studies of [($-CsH5)- 
Cr(N0)2CO]PF6 in acetonitrile solution.30 Bands due to the 
parent cation ( K O  = 2137, V N O  = 1876, 1788 cm-1) are 
initially observed prior to its complete conversion within 5-10 
min to a mixture of [(+-C5H5)Cr(N0)2CH3CN]+ (UNO = 
1847, 1745 cm-1) and (+CsH5)Cr(N0)2BrI ( V N O  = 1818, 
1713 cm-I), in contrast to the corresponding studies on the 
molybdenum and tungsten systems described above. The 
(v5-CjH5)Cr(N0)2Br complex is formed by reaction of 
[(-r75-C5H5)Cr(N0)2CH3CN]+ with the infrared cell windows 
(KBr). These observations and the observations concerning 
the relative ease of CO substitution in [($-CsHs)M- 
(NO)zCO]PF6 (M = Mo, W) according to eq 2 thus indicate 
the following order of relative reactivity for the [(+ 
C5H5)M(N0)2CO]+ cations: M = Mo > W > Cr. The same 
order has been observed for the ease of CO replacement by 
PPh3 in ($-CsHs)M(CO)2N0.29 The obvious lack of cor- 
relation between this reactivity order and C-0 stretching 
frequencies in either the [ ~ ~ ~ - C ~ H S ) M ( N O ) ~ C O ] P F ~  or 
(VS-C~H~)M(CO)~NO series (Tables 11, 111) again stresses 
that caution must be used in predicting kinetic effects from 
only ground-state measurements.27 

Kote Added in Proof. After this paper was accepted for 
publication an alternative preparation of (+CjH5)M(N0)2Cl 
(M = Mo, W) and the synthesis of various alkyl and aryl 
derivatives, (+CsHs)M(N0)2R, were reported by Legzdins 
and coworkers.3' 
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Reactions of Metal Carbonyl Complexes. VII.1 
Kinetics and Mechanism of the Organosulfide Substitution Reactions of Some 
(~5-Cyclopentadienyl)dicarbonyl( organosulfide) manganese(1) 
Complexes with Tertiary Phosphines and Phosphites2 
IAN S .  BUTLER’3 and TSUTOMU SAWAI 

Received May 28, I975 AIC503677 

The organosulfide complexes $-CsHsMn(C0)2(SR2) (R = Me, Et, n-Pr, n-Bu, Ph, CH2Ph) and $-CsHsMn(CO)2(THT) 
(THT = tetrahydrothiophene, C4HsS) undergo substitution of the organosulfide ligands with tertiary phosphines and phosphites 
(L) to form the $-CsHsMn(CO)zL derivatives. The reaction rates in methylcyclohexane solution are first order in substrate, 
a re  independent of both the nature and the concentration of L, and increase with changes in the organosulfide ligand as 
SMe2 < T H T  < SEt2 < S(n-Bu)2 < S(n-Pr)2 < S(CH2Ph)z << SPh2. An s N 1  dissociative mechanism involving the rupture 
of the manganese-sulfur bonds as the rate-determining step is proposed. This mechanism is supported by the observed 
activation parameters and the small effect of solvent polarity on the rate of reaction of 75-CsHsMn(CO)z(THT) with 
P(0-n- Bu) 3 

Introduction 
Over the last 15 years, numerous transition metal carbonyl 

complexes containing organosulfide ligands have been syn- 
thesized, e.g., Cr(CO)3(C4H4S),4 Mo(C0)5(SEt2),5 W- 
(C0)4(MeSCH2CH2SMe),6 and fac-Mo(C0)3(SMe2)3.7 
Suprisingly, most of the research on them has been concerned 
with their spectroscopic properties8 and little is known about 
the relative labilities of organosulfide ligands in such com- 
plexes. In fact, no kinetic studies appear to have been reported 
for organometallic carbonyls containing even simple mono- 
dentate organosulfide ligands such as SMe2 and SPh2. 
However, some kinetic data have been reported for substitution 
of the bidentate organgsulfide ligands 2,s-dithiahexane 
(MeSCH2CH2SMe) and 2,2,7,7-tetramethyl-3,6-dithiaoctane 
[MeC(Me)SCH2CH2SC(Me)2Me] (L-L), in cis-M(CO)c 
(L-L) (M = Cr, Mo, W) by tertiary phosphites.9Jo 

In 1964, Strohmeier and Guttenberger” studied the 
photochemical reactions of +CsH5Mn(CO)3 with SEt2 and 
SPh2 and found that the monosubstituted derivatives 75- 
CsHsMn(CO)2(SEt2) and $-C5H5Mn(C0)2(SPh2) are 
produced. Moreover, the organosulfide ligands are apparently 
readily displaced by PPh3 to form +CsHsMn(C0)2(PPh3). 
As a first step in studying the potential of transition metal- 
carbonyl-organosulfide complexes for homogeneous catalysis, 
we have synthesized +-CsHsMn(C0)2(SRz) (R = Me, Et, 
n-Pr, n-Bu, Ph, CH2Ph) and .rlS-C5H5Mn(C0)2(THT) (THT 
= tetrahydrothiophene, C4HsS) and studied the kinetics and 
mechanism of the organosulfide substitution reactions of these 
complexes with tertiary phosphines and phosphites (L) (eq 1). 

TI’ -C, H ,Mn(CO) (organosulfide) t L + q s  -C, H Mn (CO) L + 
organosulfide (1 1 

In this paper, we report the results of our synthetic and kinetic 
investigation. 
Experimental Section 

Preparation and Purification of Materials. The organosulfide 
complexes $-C5HsMn(C0)2(SR2) (R = Me, Et, n-Pr, n-Bu, Ph, 
CH2Ph) and $-CsHsMn(CO)2(THT) were prepared photochemically 
from +-CsHsMn(C0)3 (a gift from Ethyl Corp.) and the appropriate 
ligand according to the procedure reported by Strohmeier and 
Guttenberger 1 1  for the synthesis of the SEtz derivative.12 Further 
details of two typical syntheses are given below. 

(a) $-C5HsMn(CO)2(SMe2). ($-Cyclopentadienyl)tricarbo- 
nylmanganese(1) (2.0 g, 9.8 mmol) and excess SMez (IO ml) were 
dissolved in deaerated n-hexane (200 ml) in a Pyrex photochemical 
reactor and this mixture was irradiated with a 100-W Hanovia uv 
lamp for 5 hr. The resulting yellow solution was filtered into a 250-ml 
Schlenk tube and the filtrate was concentrated under reduced pressure 
(0” (0.02 Torr)) to about 50 ml. After cooling of this solution to -78’. 
a yellow, crystalline product was obtained. The supernatant liquid 
was removed with a syringe and the yellow crystals were dried under 
vacuum (0’ (0.04 Torr)) and then recrystallized from n-hexane solution 
at  -78’. 

(b) ~ I ~ - C ~ H ~ M ~ ( C O ) ~ I S ( C H ~ P ~ ) ~ ] .  A deaerated n-hexane solution 
(200 ml) of +CsHsMn(C0)3 (2.15 g, 1 I mmol) and S(CH2Ph)r 
(3.01 g, 14 mmol) was irradiated a5 described above for 5 hr. After 
solvent removal (25‘ (0.02 Torr)), any unreacted starting materials 
were removed by sublimation (55” (0.01 Torr)). The dark yellow 
residue was recrystallized from deaerated n-hexane solution at room 
temperature to give air-stable, yellow-brown needles. 


